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Inositol 1,4,5-trisphosphate releases Ca2 from a nonmitochondrial
store site in permeabilized rat cortical kidney cells. We have recently
shown that inositol 1 ,4,5-trisphosphate (1P3) releases Ca2 from the
endoplasmic reticulum of pancreatic acinar cells and suggested that IP,
may function as a second messenger of hormonal receptors to mobilize
Ca2' from intracellular stores (Streb et al, 1983, Streb et al, 1984). In rat
kidney cortical tubules and microdissected mouse proximal tubules, an
increased turnover of polyphosphoinositide metabolism following hor-
monal stimulation with angiotensin Il-amide and phenylephrine has
been reported (Wirthensohn et al, 1984; Wirthensohn et al, 1985). This
suggests that IP,, one of their hydrolysis products, increases during
hormonal stimulation. We therefore investigated the effect of angioten.
sin Il-amide and 1P3 on intracellular Ca2 stores in saponin-treated cells
and homogenate from rat kidney cortex. Saponin-treated isolated
cortical kidney cells or homogenate was incubated in a high K buffer
in the presence of MgATP and respiratory substrates. Ca2 uptake was
determined by measuring the free Ca2 concentration of the surround-
ing medium with a Ca2 specific macroelectrode. Addition of cells or
homogenate to the incubation medium resulted in a decrease of the
medium free Ca2 concentration until a steady—state concentration of
5.7 0.2 X i0— mole/i was obtained. In the presence of mitochondrial
inhibitors Ca2 uptake rate was reduced, whereas the steady—state
concentration was unchanged. In contrast, in the presence of the
Ca2-ATPase inhibitor vanadate mitochondrial uptake proceeded at the
same rate as the control, but the steady—state concentration was higher
(6.9 0.2 x l0- mole/i). When 1P3 (5 mole/l) was added to
saponin-treated cells or homogenate at steady—state in the presence or
absence of mitochondrial inhibitors, Ca2 was released to the medium,
followed by Ca2 reuptake to the previous level. Similarly, addition of
angiotensin Il-amide (l0— mole/I) to saponin-treated cells resulted in
Ca2 release. Our data suggest that both a mitochondrial and a
nonmitochondrial Ca2 pool are involved in regulation of cytosolic free
Ca2 in saponin-treated rat kidney cortex cells. Steady—state Ca2
concentration is determined by the nonmitochondrial Ca2 pool. 1P3
may function as a second messenger for hormone action to release Ca2
from a nonmitochondrial store in rat cortical kidney cells.
Most studies on renal handling of calcium ions in kidney
proximal tubules have focused on active transcellular and
passive paracellular transport [1—4] as well as on transport
mechanisms in the apical and basolateral plasma membrane
[5—8]. Since a considerable amount of calcium is transported
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through the proximal epithelial cell at the low intracellular
calcium concentration of about 1 x iO mole/i [9], and since
high cytosolic free calcium concentrations might be toxic [10],
intracellular calcium ion buffering stores have been postulated
to regulate cytosolic free calcium in addition to calcium extru-
sion mechanisms of basolateral plasma membrane. However,
only a few studies have dealt with the intracellular buffering of
calcium in kidney cortex cells [11, 12]. Recently, intracellular
calcium was also attributed an active role in cellular metabo-
lism, and as having a second messenger function in response to
external stimuli, such as hormones or neurotransmitters [13].
Stimulation of the calcium mediated processes induced by
hormones or neurotransmitters is generally associated with
increased turnover rates of plasma membrane phosphatidyl-
inositols [14, 15].
Recently we have shown that inositol 1 ,4,5-trisphosphate
(1P3) which is formed by agonist stimulated hydrolysis of the
membrane phospholipid phosphatidylinositol 4,5-bisphosphate
releases calcium from endoplasmic reticulum in permeabilized
pancreatic acinar cells [16, 17]. Meanwhile further evidence has
been accumulated which indicates that 1P3 may act as a second
messenger in cellular signal transduction of calcium mobilizing
hormones in many cell systems [18].
The aim of our studies was to gain further insight into the
regulation of cytosolic free calcium and to clarify the potential
role of 1P3 in hormone stimulated calcium release in rat kidney
cortex cells. Our data indicate that both a mitochondrial and a
nonmitochondrial pool regulate intracellular free Ca2 concen-
tration in saponin-treated rat kidney cortex cells and that 1P3
may function as a second messenger for hormone action to
release calcium from a nonmitochondrial Ca2 store in rat
kidney cortex cells.
Materials and methods
Materials
Reagents were obtained from the following sources: Colla-
genase (from clostridium histolyticum) type III (120 U/mg) was
obtained from Worthington (Freehold, New Jersey, USA). ATP
(potassium salt), phosphocreatine (sodium salt), succinic acid,
pyruvic acid, saponin and sodium vanadate from Sigma Chem-
ical (Munich, Germany); creatinine kinase (380 U/mg at 25°C)
and trypsin inhibitor (from soybean) from Boehringer (Mann-
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heim, Germany); trypan blue and sodium azide from Merck
(Darmstadt, Germany). Bovine serum albumin (lyophilized),
oligomycin and antimycin were obtained from Serva
(Heidelberg, Germany), A 23187 from Caibiochem (Giessen,
Germany). (Va15)-angiotensin Il-amide (Hypertensin®) was
from Ciba-Geigy (Wehr/Baden, Germany). All other reagents
were of analytical grade. Ca2tseiective electrode membranes
containing the neutral carrier N ,N '-di(( 11 -ethoxycarbonyl)un-
decyl)-N,N'-4,5-tetramethyl-3 ,6-dioxaoctane amide were pur-
chased from Glasblhserei W. Moller (Zurich, Switzerland).
Inositol 1,4,5-trisphosphate was prepared from human erythro-
cyte ghosts essentially by the method of Downes et al [19], as
modified by Irvine et al [20] and Burgess et al [21].
Preparation of isolated cells
Isolated cells from rat kidney cortex (200 to 250 g male Wistar
rats) were prepared according to a standard collagenase diges-
tion method which had been originally developed for isolation
of pancreatic cells [22], with the following modifications. Kid-
ney cortex tissue from five to six rats was pressed through an
ordinary tea-sieve with a mesh diameter of about 0.5 to 1.0 mm.
Tissue was then digested for 15 minutes in a collagenase (1600
U) containing Krebs-Ringer-HEPES (KRH) digestion solution,
followed by an incubation step for 10 minutes in the same
solution, but without Ca2 containing 2 mrvt EDTA. The tissue
was digested a second time for 30 minutes with 2400 U of
collagenase. The plasma membranes of the cells were
made permeable by washing the cells three times with a nomi-
nally calcium free solution containing (in mmole/l): KC1 135,
MgC12 1, KH2PO4 1.2, HEPES lO(pH 7.4), trypsin inhibitor 0.1
mg/ml. The contaminating Ca2 concentration of this solution
was approximately two to four j®mole/l. This treatment resulted
in an increase of trypan blue uptake as an indicator of cell
leakiness from below 5% before washing to about 50 to 60%
within 30 minutes after washing. Complete leakiness was ob-
tained by an addition of 15 rg/ml incubation medium of the
detergent saponin just before starting the experiment. Cells
were stored on ice as a concentrated suspension in the same
medium until the experiment (up to five hr).
Preparation of homogenate
For experiments with homogenate rat kidney cortical slices
were suspended in a mannitol buffer medium (MBM) containing
in mmole/I: Mannitol 280, HEPES 10, KCI 10, MgC12 1,
benzamidine I (pH 7,4 adjusted with Tris). Slices were then
homogenized in about 12 to 18 ml of MBM using 50 strokes at
900 rpm with a very tight fitting motor driven Potter-Elvehjem
glass/teflon homogenizer. To remove remaining intact cells, the
resulting homogenate was centrifuged for 10 minutes at 100 g
and the pellet was discarded. Homogenization was performed
at 4°C. Homogenate was resuspended in the same medium and
stored on ice as a concentrated suspension for up to three hr.
Experimental set up and incubation procedure
Isolated cells and tubular fragments as well as homogenate
were incubated at 25°C in 3 ml of a solution containing (in
mmole/l): KCI 110, MgC12 6, K2ATP 5, creatine phosphate
(sodium salt) 20, K succinate 5, K pyruvate 5, creatine kinase 8
U/mi, HEPES 25 (pH 7.4). The free Mg2 concentration of this
solution was calculated as 1.3 mmole/l [23].
In the experiments with mitochondrial inhibitors pre-incuba-
tion of cells with these substances was performed during the
second digestion step. Ca24 was then removed by washing with
the Ca2tfree solution as described above. Mitochondrial inhib-
itors were readded to the incubation medium before starting the
experiment. When vanadate was used no pre-incubation proce-
dure was applied.
To start the experiment, about 300 t1 of concentrated cell
suspension or homogennte were added to the incubation me-
dium. The protein concentration of the medium varied from one
to six mg/mi medium. The medium ws stirred continuously and
gassed with 100% 02.
The free Ca2-concentration of the medium was recorded
with a Ca2-specific electrode. Electrodes were made and
calibrated as had been reported previously [23, 24]. The amount
of calcium taken up or released from saponin treated cells or
homogenate was determined by measuring the decrease or
increase in free Ca24 concentration of the surrounding medium.
Ca2 release by inositol I ,4,5-trisphosphate or hormone was
calculated by calibration with known amounts of Ca2 added to
the medium and recorded by the Ca2-specific macroeiectrode.
For determination of protein concentration of cells or
homogenate duplicate samples were precipitated in 10%(wt/vol) trichloroacetic acid and dissolved in I M NaOH.
Protein concentration was then measured according to Lowry
et al [25] using bovine serum albumin as a standard.
Results
Determination of steady-state free Ca2 + concentration
Addition of isolated saponin-treated cortical kidney cells to
the standard incubation medium resulted in a decrease of the
medium free Ca2 concentration (Fig. 1, upper curve), until the
free Ca2 concentration approached steady—state after about 20
minutes. Omission of ATP and the regenerating system
(creatine phosphate and creatine kinase) abolished Ca2 uptake
by cells almost totally (Fig. 1, lower curve). Furthermore,
addition of the Ca2 ionophore A 23187 to the incubation
medium caused a rapid and irreversible increase of Ca2
concentration in the medium, due to the release of Ca24 stored
in membrane bound intracellular poois (data not shown).
Addition of 20 nmole of EGTA resulted in a decrease of free
Ca2 concentration (Fig. 1, upper curve). However, within 20
minutes, free Ca' concentration returned to the steady—state
level. Subsequent addition of 10 nmoie CaCl2 caused an in-
crease in free Ca24 concentration followed by gradual decrease
of free Ca2 until steady—state value was reached. This process
could he repeated several times.
In order to investigate whether steady—state free Ca2 con-
centration was constant and independent of the free Ca2
concentration in the surrounding medium, free Ca2 concentra-
tion was varied between I to 4 x l06 mole/I before addition of
cells. The effect of initial free Ca2 concentration on the
steady—state is demonstrated in Figure 2. The initial free Ca2
concentration (abscissa) is plotted versus the difference be-
tween initial free Ca24 concentration and steady—state concen-
tration of Ca2 (ordinate). If steady—state free Ca2 concentra-
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Fig. 1. MgATP dependent Ca2 uptake and regulation of steady—state
Ca2 in leaky isolated cortical kidney cells (2.5 mg protein/mi). Upper
curve: cells were incubated under standard conditions as described in
methods. When indicated, 20 nmole EGTA or 10 nmole Ca2 were
added to the incubation medium after steady—state had been reached.
Lower curve: cells were incubated in standard incubation medium
without MgATP, creatine kinase and creatine phosphate. Typical for
three experiments.
tion is regulated independently of medium free Ca2 concentra-
tion, there should be a linear increase in cellular uptake of Ca2
with increasing initial medium from Ca2 concentration. Re-
gression analysis from 49 determinations performed on 15
different cell preparations yielded a slope of 0.993. The
steady—state concentration, i.e., the free Ca2 concentration at
which no net Ca2 uptake or release occurs, can be determined
from the interception of the regression curve with the abscissa.
In these experiments the steady—state free Ca2 concentration
was equivalent to 5.5 x l0- mole/l. Note that in one experi-
ment with lower initial free Ca2 concentration due to addition
of EGTA to the medium, release of Ca2 by the cells was
observed until steady—state concentration was reached.
Figure 2 also includes two experiments with mitochondrial
inhibitors (open symbols). The steady—state concentration for
free Ca2 was not different from control measurements, which
indicates that mitochondria do not play any role in the regula-
tion of steady—state free Ca21 concentration.
Characterization of niitochondrial and nonmitochondrial
Ca2 stores
To define the intracellular Ca2 store sites responsible for
Ca2 uptake and regulation of steady—state concentration,
inhibitors of known action were used.
To inhibit mitochondria, cells were preincubated during the
second digestion step for 1 hr with the mitochondrial inhibitors
[Ca2l, moIe/I
Fig. 2. Regulation of steady—state Ca2 in leaky isolated cortical kidney
cells. The figure demonstrates the change in free Ca2 concentration
during cellular uptake (ordinate) as a function of free Ca2 concentra-
tion in the incubation medium before addition of cells (abscissa). Cells
were incubated under control conditions, as described in methods. The
curve intercepts the abscissa at a value of 5.5 x 10 mole/I. This
concentration corresponds to the steady—state concentration for cyto-
solic free calcium. In two experiments with mitochondnal inhibitors (0)
cells were preincubated for 1 hr and incubated in presence of antimycin
A (l0 mole/l), oligomycin (5 x 106 mole/I) and azide (102 mole/I).
Ca2 released during preincubation was removed by washing with
Ca2-free solution. (•) is without mitochondrial inhibitors; N = 48, 15
preparations; R = 0.993, Y 0.957x — 0.554.
antimycin A (l0 M), oligomycin (5 x 10—6 M) and sodium
azide (10-2 M). The calcium that had been released during this
time was removed by washing the cells with Ca2tfree solution.
Ca2 uptake was measured as usual in the presence of the above
inhibitors. In Figure 3 the effect of mitochondrial inhibitors on
Ca2 uptake is shown in a typical experiment. The rate of Ca2
uptake in the presence of mitochondrial inhibitors ("nonmito-
chondrial uptake") was reduced as compared with the control
experiment, whereas the steady—state concentration was simi-
lar to the control. In contrast, when the Ca-ATPase inhibitor
vanadate (2 x io- M) [26, 27], was added to the incubation
medium to inhibit nonmitochondrial uptake, the initial rate of
Ca2 uptake was identical to that in the control experiment.
However, steady—state free Ca2 was at a higher level. Five
paired experiments using the same cell preparations resulted in
a difference of 1.7 0.2 x i0 mole/I free Ca2 between
control and experiment with vanadate. Combination of vana-
date and mitochondrial inhibitors abolished Ca2 uptake com-
pletely (Fig. 3).
These experiments indicate that in leaky cortical kidney cells
cytosolic Ca2 is sequestered into two different Ca2 stores: a
mitochondrial pool which determines initial Ca2 uptake rate at
higher free Ca2 concentrations but without any direct influence
on steady—state free Ca2 concentration, and a nonmitochon-
drial pool inhibited by vanadate which is responsible for regu-
lation of steady—state Ca2 concentration.
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Fig. 3. Effect of vanadate and mitochondrial inhibitors on Cd4 uptake
into leaky isolated cortical kidney cells. Cells (2.9 mg protein/mi) were
incubated in standard incubation medium with or without vanadate (2 x
io- mole/i) or mitochondrial inhibitors (azide, 102 mole/i; oligomycin,
5 x 10—6 mole/I; antimycin, l0 mole/i). Cells incubated in presence of
mitochondrial inhibitors were preincubated for 1 hr with same inhibitors
at same concentration and Ca24 released was removed by washing with
Ca2-free solution. Typical for three experiments.
Effect of 1P3 and hormones on Ca2 stores
Addition of 1P3 at saturating concentration (5 tmole/l) re-
sulted in a prompt release of free Ca24 from intracellular
calcium stores followed by calcium uptake towards steady—
state (Fig. 4). In 13 determinations (six different preparations)
mean total calcium release was calculated as 0.95 0.16 (SE)
nmole/mg protein. In each determination calculation of Ca2
released was performed by addition of known amounts of CaC12
to the medium. Ca2 contamination by II3 solution accounted
for less than 5% of the effect on calcium release. This was
determined by addition of 1P3 to the incubation medium in the
absence of cells (not shown).
Evidence for a direct effect of 1P3 on an intracellular Ca'
store was obtained from experiments with cellular homogenate.
If the effect of 1P3 was due to Ca2 release from intracellular
organelles, similar results as with saponin-treated cells should
be obtained. Indeed, as shown in Figure 5, the same effects as
in leaky cells were observed in kidney cell homogenate. How-
ever, the amount of Ca24 released by 1P3 was smaller, if
compared with leaky cells (about 0.5 nmole/mg protein in three
different preparations).
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Fig. 4. Effect of inositol 1,4,5-trisphosphate (IF3, 5 jsmole/l) on intra-
cellular Ca stores in leaky isolated cortical kidney cells. Leaky cells
(2.3 mg protein/mi) were prepared and incubated as described in
methods. When indicated, 1P3 to a final concentration of S x l0_6 mole/I
or Ca24 (S nmole) were added. Typical for 13 experiments.
To get more information on the subceilular localization of the
calcium store responsible for 1P3 mediated calcium release, we
performed experiments in the presence of inhibitors (Fig. 6).
Curve A shows the course of the control experiment. In the
presence of mitochondrial inhibitors (B), where the
nonmitochondrial pool only is responsible for regulation of
steady—state free calcium, a full 1P3 effect on calcium release
was observed. In contrast, after application of vanadate (C), the
remaining mitochondrial pool was neither able to reach the
steady—state concentration of the control experiment, nor did
1P3 induce any calcium release. This indicates that the 1P3
responsive pool is nonmitochondrial in origin.
We also tested if polyphosphoinositide hydrolysing hor-
mones, such as angiotensin II [18] might release Ca2 from
intracellular pools. As shown in Fig. 7, (Va15) angiotensin
Il-amide (l0— mole/i) induced calcium release from intracellu-
lar stores in permeabilized cortical kidney cells. In six experi-
ments (four different cell preparations) an average calcium
release of 0.26 0.07 (sE) nmole/mg protein was observed. This
hormone induced calcium release may be mediated by increases
in 1P3 production.
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Discussion
Effect of 1P3 on rat kidney cortex
Relevance of cellular heterogeneity of rat kidney cortex for
interpretation of the data
The experiments were performed with rat kidney cortex,
which is a structurally and functionally heterogeneous tissue.
More than 75% of rat kidney cortex are composed of proximal
SI and S2 segment epithelia, whereas epithelia from distal
tubule and collecting duct account for about 14% of cortical
cellular volume. The remaining cells consist of glomerula and
interstitial cells [28]. Besides its effect on Na transport [29, 30]
and metabolism of polyphosphoinositides in proximal tubules
[31], angiotensin II might also increase phosphoinositide me-
tabolism and calcium release from glomerular mesangial cells
[32, 33] and vascular smooth muscle cells [34] of kidney cortex.
However, calcium release, as induced by maximal concentra-
tions of 1P3 in suspensions of glomeruli, did not exceed that
observed in suspensions of kidney cortex cells (unpublished
observations). It is therefore very unlikely that glomerula,
which account for less than 5% of total cell mass in kidney
cortex, are responsible for the effects of 1P3 and angiotensin II
on calcium release described in this paper. The effects seem
rather to occur in proximal tubular cells, although one cannot
exclude that mesangial and smooth muscle cells also partici-
pate.
Transport processes which determine intracellular Ca2
homeostasis in saponin-treated cortical kidney cells
Since permeabilization of cell membranes results in an equil-
ibration of intracellular free calcium to that of the surrounding
medium, measurement of free Ca2 concentration in the incu-
Time, mm
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Fig. 6. Effect of inositol 1,4,5-trisphosphate (IF3) in control (A), on
nonmitochondrial (B) and mitochondrial (C) calcium stores of
permeabilized isolated cortical kidney cells. Cells (4.7 mg protein/mI)
were incubated in standard incubation medium with or without vanad-
ate (2 x lO mole/l) or mitochondrial inhibitors (azide, 10-2 mole/i;
oligomycin, 5 x 10-6 mole/i; antimycin, 10 mole/i). Cells incubated in
presence of mitochondrial inhibitors were preincubated for 1 hr with
same inhibitors at same concentration and Ca2 released was removed
by washing with Ca2-free solution. Where indicated, 1P3 to a final
concentration of 5 x l06 mole/I and Ca2 (5 nmole) were added.
Typical for three experiments.
bation medium of saponin-treated cells should reflect the free
Ca2 concentration adjusted by intracellular poois. By use of
regression analysis we determined a steady—state concentration
of free Ca2 of 5.5 x i0 mole/l. Two different intracellular
calcium pools were involved in ATP-dependent calcium uptake:
A mitochondnal calcium pool characterized by a high calcium
uptake rate and a steady—state concentration, which is 1.7 X
l0 mole/I higher than the control steady—state (Fig. 3) and a
nonmitochondrial, vanadate sensitive poo1 with a lower calcium
uptake rate and a steady—state level comparable to that of the
control.
From these data we conclude that the nonmitochondnal pool
determines steady—state concentration of free calcium in rat
cortical kidney cells. Using Arsenazo III as an indicator for free
Ca2, Murphy and Mandel found an average free Ca2 level of
4.5 x iO mole/I in rabbit proximal tubules made permeable
with digitonin [12] which is close to our steady—state value.
These authors also observed that alter addition of the mitochon-
drial uncoupler fluorocyanocarbonylphenylhydrazine (FCCP)
the amounts of Ca2 released by the Ca2-ionophore A23187
were negligible, i.e., approximately 80% of total cell calcium
was found to be mitochondrjal. The authors concluded that the
mitochondria play a major role in intracellular calcium
homeostasis. However, the effect of FCCP on nonmitochon-
drial pools was not considered. Furthermore, distribution of
calcium in cellular organelles depends on the Ca2 load. Thus,
in liver cells endoplasmic reticulum determines steady—state
free Ca2 at small calcium loads. Since the capacity of
endoplasmic reticulum is small as compared to that of
mitochondria, the capacity of endoplasmic reticulum is ex-
ceeded with increasing calcium loads and mitochondria become
the major determinant of steady—state at higher free Ca2
—6.1 — Ca2 *
1P3 5nmole
A
a,
a,C
a,
a,0
E0—6.0—+
Ca0
a,0
B
+ oligomycin
(5 x 10-6 mole/I),
azide (10—2 mole/I)
antimycin(10 mole/I)
Ca2
control
Ca2 *
—5.9—
—6.6
—6.5
:-' —6.4
-6.3
' -6.2
—6.1
—6.0
—5.9
—5.8—
C
+ vanadate
(2 x iO— mole/I)
1P3
Ca2 *
5 nmole
10203040
0 5
— I,',0 20 40 60 20 40 60 80
10 15
Time, mm
Fig. 5. Cd uptake and effect of inositol 1,4,5-trisphosphate (IF3) on
rat kidney cortex homogenate. Homogenate (2.1 mg protein/mi) was
prepared and incubated as described in methods. Where indicated, 1P3
to a final concentration of 5 x 10-6 mole/I and Ca2 (5 nmole) were
added. Typical for three experiments.
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tubule for Ca2 [1] and occurs via paracellular pathways. Active
transtubular transport accounts for about 20% of proximal
tubular Ca2 reabsorption [4]. Ca2 enters the tubular cell down
its electrochemical gradient at the luminal side. The steep
concentration gradient between cytosolic calcium and extracel-
lular calcium is maintained by two transport mechanisms lo-
cated in the basolateral plasma membrane: A NaICa2 ex-
change system [6, 8] and a Ca2-ATPase [5, 7, 38, 41].
Our experiments indicate that both the mitochondrial and
nonmitochondrial calcium pools of saponin4reated kidney cor-
tex cells are involved in the regulation of intracellular Ca2
homeostasis. The transport systems located in the basolateral
membrane, however, are responsibk for transcellular active
calcium transport as well as for the regulation of cytosolic free
Ca2 to the low level of about 1 x l0— mole/I.
Calcium is also known to function as second messenger of
hormones or neurotransmitters in stimulation of intracellular
metabolism [13]. Thus, the calcium stored in mitochondria and
the nonmitochondrial pool may be part of intracellular "com-
partmentalization" into a transport and a metabolic calcium
pool, as already proposed for proximal tubular sugar transport
[42, 43].
Relevance of 1P3-mediated Ca2 release for cellular function
Hormonal activation of calcium mobilizing receptors is usu-
ally associated with an increase in the metabolism of membrane
phosphoinositides [14]. Direct effects of hormone-receptor in-
teraction on the membrane phosphoinositides are thought to
lead to changes in membrane permeability characteristics and
explain the opening of "receptor operated Ca2 channels" for
the induction of sustained cellular responses [44]. Furthermore,
since the hormone does not enter the cell, some second
messenger should link receptor activation with calcium mobili-
zation from intracellular stores for initiation of cellular re-
sponse. Our group first demonstrated that inositol 1,4,5-
trisphosphate (1P3), releases calcium from endoplasmic
reticulum in permeabilized pancreatic cells [16, 17]. Meanwhile,
this observation could be repeated for other cell types [18]. In
the present study, we could demonstrate that addition of 1P3 (5
jsmole/l) to saponin-treated rat kidney cortex cells results in a
prompt release of free Ca24 from intracellular stores. The mean
calcium release was calculated as 0.95 0.16 (SE) nmole/mg
protein. From extrapolation to the whole kidney it can be
estimated that the calcium released by addition of 5 jsmolll 1P3
should increase the intracellular calcium concentration to 0.36
mmole/l cell water. The target for IP3 induced calcium release
was found to be localized in a nonmitochondrial pool. Though
we could not identify the nature of the subcellular organelle
responsible for IP3 mediated calcium release, it is likely that it
represents endoplasmic reticulum, as already demonstrated for
pancreatic acinar cells [17], Receptor sites for angiotensin II
and csl-adrenergic substances are known to be located in kidney
proximal tubules. Their effects are linked to intracellular mobi-
lization of Ca2 and are associated with an increased metabo-
lism of membrane phospholipids [36, 45, 46]. Wirthensohn and
Guder [47] have shown that angiotensin II, phenylephrine and,
to a lesser extent, parathyroid hormone increase the turnover of
membrane phosphoinositides in rat kidney cortical tubules.
Furthermore, hydrolysis of phosphatidylinositol 4,5-bisphosp-
hate was stimulated by angiotensin II. The same authors
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Fig. 7. Effect of (Vat') angiotensin JI-arnide (Ang Il-A) on free Ca2
concentration ofisolated permeabilized cortical kidney cells. Cells (5.4
mg protein/mi) were prepared and incubated as described in methods.
Where indicated, (Va!') angiotensin Il-amide (AGA; 10' mole/I), Ca'
(5 nmole) or 1P3 (10_s mole/I) were added. Typical for six experiments.
concentrations [35, 36]. Using electron optical techniques on
rapidly frozen smooth muscles, Somlyo et al [37] have demon-
strated that under physiological conditions where no Ca2
"overload" takes place, mitochondrial Ca2 is low. Evidence
for the function and intracellular localization of the
nonmitochondrial calcium pooi in cortical kidney cells is poor.
The fact that vanadate inhibits Ca2 uptake makes the involve-
ment of a Ca2-ATPase located in endoplasmic reticulum
probable [17, 23, 26]. DeSmedt et al [38] gained some evidence
for an active role of endoplasmic reticulum in Ca2 uptake in
renal cortical cells, showing a 115 kDa intermediate phospho-
protein of Ca2tMg2-ATPase in membrane preparations en-
riched in endoplasmic reticulum. The nonmitochondrial pool
may be also morphologically correlated to the membranous
network enveloping mitochondria, as described by Hoang and
Bergeron [39]. The role of plasma membrane in the mainte-
nance of cellular Ca2 homeostasis could not be determined, as
the cells investigated were leaky. Under physiological condi-
tions cytosolic free Ca2 is about 1 x l0— mole/l [9] indicating
the importance of the plasma membrane to maintain low
cytosolic Ca' levels.
Role of calcium in cellular function
About 50 to 60% of filtered Ca2 is reabsorbed isosmotically
in the proximal convoluted tubule. 80% of proximal tubular
Ca2 reabsorption occurs passively secondary to Na reabsorp-
tion [40]. It is facilitated by the high permeability of proximal
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recently demonstrated that angiotensin II and phenylephrine
stimulate phospholipid turnover in proximal convoluted tubules
microdissected from mouse nephron [29]. Our observation that
1P3 induces Ca2 release from intracellular store sites may
indeed give a clue to their data.
Angiotensin II and phenylephrine are known to stimulate
gluconeogenesis in renal proximal tubule by a cAMP indepen-
dent mechanism [48, 49]. This has been also postulated for
stimulation of carbohydrate metabolism in hepatic cells [50, 51].
Angiotensin II stimulates rat proximal tubular reabsorption of
Na at low doses and inhibits rat proximal tubular Na reab-
sorption at high doses [29, 30], whereas norepinephnne inhibits
rabbit proximal tubular fluid reabsorption [52]. Increases in
cytosolic calcium activity may be directly responsible for the
inhibitory effects on Na and fluid reabsorption [53]. The
stimulating effect of low doses of angiotensin II remains to be
elucidated [54, 55].
The hormone (Va15)-angiotensin Il-amide elicits Ca2 release
in saponin-treated kidney cortex cells at concentrations in the
range required for stimulation of gluconeogenesis in rat tubular
suspensions [48] and which inhibit sodium transport in perfu-
sion experiments with isolated rat proximal tubules [29, 30].
In summary, the results presented above demonstrate that
1P3 releases Ca2 from a nonmitochondrial calcium store site in
isolated saponin-treated rat kidney cortex cells. Cytosolic free
calcium of saponin-treated cells is buffered by two calcium
pools located in mitochondna and in a nonmitochondnal struc-
ture. The nonmitochondrial pooi determines steady—state free
calcium concentration of 5.5 x lO mole/i and may represent
endoplasmic reticulum. Both angiotensin Il-amide and IP3
induce calcium release from intracellular stores. It is therefore
very likely that hormone induced Ca2 release is mediated by
IP3 in rat kidney proximal tubular cells.
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